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ABSTRACT
The effect of sunlight on chlorine residuals in water
supplies was investigated to provide original and basic
information of value to the water purification field.
Three different water systems were employed:
Simplified Water System,

(a) The

(b) The Ground Water System, and

(c) The Surface Water System.

The RS Sunlamp provided an

appropriate source of ultraviolet radiation.
chlorine concentration was used.

A 10 mg/1

The pH values of 7 and 10

and the illumination intensities of 145 and 200 foot candles
were employed.

Iodometric determination of chlorine residuals

was the main parameter used.
It was found that the chlorine residuals were effectively
destroyed by the ultraviolet portion of the sun spectrum
within a short period of time.

Larger reductions were

observed at the higher pH value of 10.

Presence of dissolved

and suspended impurities decreased the chlorine removal, as
did the increased depths.

Better reductions were obtained

with the higher illumination intensity.
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I.
A.

INTRODUCTION

CHLORINATION PRACTICE.
The production of safe, palatable, and aesthetically

acceptable water supplies is the responsibility of the sani
tary engineers involved in water treatment.

Disinfection

and the control of tastes and odors are two types of water
treatment processes that are commonly applied to obtain the
above objectives of water purification.

Chlorine has been

effectively used for disinfection and has also been employed
successfully in the control of tastes and odors.
Chlorination of water supplies was first practiced in
1850 on an emergency disinfection basis.

In 1910 a court

decision upheld the right of New Jersey City, New Jersey to
chlorinate its water supply in the best interest of the
public health.

Since then, chlorination of public water

supplies has spread and today it is almost a routine prac
tice (1, p. 247).

According to E. J. Laubusch (2), of the

population served with community water systems 96 per cent
receives chlorine treated water.

The use of chlorine has

effectively controlled the spread of water borne communi
cable diseases (1, p. 248).
Taste and odor difficulties are increasing in recent
years.

Application of chlorine has been widely used in the

control of tastes and odors (3).

It has been reported (4)

that chlorine and its derivatives have been employed to re
move tastes and odors from water supplies with various
degrees of success.

Additional benefits may be derived from the use of
chlorine.

Application of chlorine will improve the coagula

tion of many waters and especially of those containing color
complexes, iron and manganese (5); it controls the growth of
algae and therefore results in longer filter runs and less
taste and odor difficulties (6).

Presence of chlorine in

the distribution system will prevent contamination of waters
and safeguard the quality of the water reaching the con
sumers (6 ) .
Chlorine may be applied at various stages in water
treatment.

When used for taste and odor control purposes

it is added early in the system to provide the detention
periods required.

At times large quantities of chlorine are

added to increase the rate of reactions occurring and this
practice is known as supetfchlorination (6).

Under these con

ditions chlorine may be exposed to the atmosphere and the
action of sunlight.

Reduction of the chlorine residuals has

been noticed as the result of exposure of the water to sun
light.
B.

THE EFFECT OF SUNLIGHT.
A review of the literature in the field of water supply

indicated that there is only very limited information pub
lished concerning the effects of sunlight on chlorine resi
duals.

However there is no doubt that the water works group

is aware of and interested in this problem.
seen from the comments presented below.

This may be
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J. L. Tuepker (7), Superintendent of Purification,
Saint Louis County Water Company, Saint Louis, Missouri,
writes:

"Anyone who has attempted to use free chlorine

residual for the disinfection of water will know that the
effect of sunlight on the chlorine residual will be appre
ciable."

He further reports that such factors as detention

time, basin depth, partial cloudiness, wind, etc., will
effect the chlorine removal from the water and that sunlight
will still remove chlorine even when it is in the form of a
chloramine.

He concludes his letter noting that nothing

scientific has been done regarding the effect of sunlight and
that at their water plant they have to apply twice as much
chlorine as the amount determined by laboratory tests.
T. V. DeGear (8), Superintendent of the Crystal City
Water Department, Crystal City, Missouri also notes that
while laboratory tests indicated that for the control of
tastes and odors by break point chlorination a dosage 16 ppm
(parts per million) of chlorine was required, in practice
the addition of 19 ppm was found necessary.

However when

the treatment unit was covered up with a roof the dosage
required was reduced to only 15 ppm.
R. J. Baker of Wallace and Tiernan, Inc. (9) reported
recently that even when the chlorine demand of the water
has been satisfied, other factors effect the persistence of
the residuals.

He also noted that sunlight dissipates

hypochlorous acid more rapidly than chloramines.
According to Buchanan and Dodge (10) chlorine residuals
in outdoor swimming pools are lost much earlier than those
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in the indoor pools.
It has also been reported in literature (11) that the
ultraviolet soectrum of the sunlight is the effective por
tion in the reduction of the chlorine residuals.
Finally, A. E. Griffin, Staff Consultant of Wallace
and Tiernan, who is well known for his early work on break
point chlorination, expressed his opinion on this problem as
follows (12) s

"It is a well known fact that ultraviolet

rays will dechlorinate water, but how efficient this may be
has not, to my knowledge, been documented."
Thus, it may be concluded that the ultraviolet portion
of the sunlight has a decisive effect upon the chlorine resi
duals in water supplies and that this is a problem of con
siderable interest to sanitary engineers.

Further, it was

established that very limited information on this problem
has been published and that a need existed for studies in
this area to provide basic information.
C.

THE PROBLEM.
It was the purpose of this investigation to determine

the effect of the ultraviolet portion of the sun spectrum
on chlorine residuals in water supplies.
Experiments were carried out under controlled conditions
and in systems simulating conditions existing in natural
waters.

Thus, the simplified water systems were employed to

provide basic information under well defined conditions, while
the ground water and surface water systems were used to

determine the effect of sunlight on chlorine residuals under
conditions similar to those existing in practice.
The studies were made at the pH values of 7 and 10 and
were conducted at room temperature.

A chlorine concentra

tion of 1C mg/1 was employed in this investigation.

It was

considered to be illustrative of the dosages used by water
treatment plants employing chlorine for taste and odor con
trol (13).
A General Electric Model RS sunlamp provided the source
of ultraviolet radiation.

It has been established that the

radiation produced by this lamp closely simulates the ultra
violet radiation emitted by the sun that reaches the earth
surface (14).

The intensity of 145 foot candles was mainly

used but experiments were also conducted at the higher in
tensity of 200 foot candles to ascertain the effect of in
creased radiation.
In conclusion it was the purpose of this investigation
to ascertain the effect of sunlight on chlorine residuals
in water supplies and to provide original and basic infor
mation of importance to the water purification field.
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II.

LITERATURE REVIEW

A comprehensive search of the literature pertaining to
this field of investigation was undertaken to find out the
work previously done on the effect of sunlight upon chlorine
residuals and to obtain information on the apparatus and
parameters that could be used in the studies.

This search

was extended to include information on the various sources
of ultraviolet radiation and to determine a means of simulat
ing the sunlight spectrum.
Finally, to facilitate the interpretation of the results,
a study was made of (a)

The laws governing the transmission

of light and the photochemical reactions, and (b)

The reac

tions of chlorine in water, including the various forms under
which chlorine residuals may exist and their reactions with
ammonia and other compounds present in the water.
Thus, the literature review has been divided into four
parts, as follows:

(a)

Previous Investigations, (b)

violet Radiation and Photochemical Reactions, (c)
of Chlorination, and (a)
A.

Ultra

Chemistry

Conclusions.

PREVIOUS INVESTIGATIONS.
The effect of sunlight on chlorine was demonstrated as

early as 1918 by Joseph Race who was City Bacteriologist of
the City of Ottawa, Canada (10).

Race demonstrated that

bacteria were killed by chlorine much more rapidly when ex
posed to bright sunlight than they were killed by the same
quantity of chlorine in the dark.
concluded:

From his studies Race

"Light exerts a marked photochemical effect on
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the germicidal velocity of chlorine and hypochlorites.

When

chlorine is passed through closed conduits and basins, the
effect of light is of course nil, but in open conduits and
reservoirs this factor is appreciable and reduces the neces
sary contact period.

The effect of light on laboratory ex

periments made is so marked as to make it impossible to copy
the results obtained on different days under different actinic
conditions."
J. R. Rossum (15) studying the mechanism of break point
chlorination noted that the reaction between chlorine and
other compounds proceeds at a faster r&te in the presence
of illumination than in the dark.

He also found that the ef

fluent from a reservoir had markedly less chlorine residuals
during the day than during the night, and that the drop in
residual was much less in winter than in summer.
Buchanan and Dodge (10) of the Public Health Labora
tories of Cleveland, Ohio, have investigated the effect of
light on chlorine.
was used.

In their studies the following procedure

Two containers containing chlorine in distilled

water were placed in a water bath to maintain a constant
temperature.

One of these containers was completely covered

to exclude all light.

The other container was exposed to

ultraviolet radiation.

The water in both containers was

agitated in a similar manner.
Sunlight was simulated by use of carbon arcs, using "A",
"C" and "K" carbons obtained from the National Carbon Com
pany.

These investigators (10) reported that the WA" carbon

was known as the sunlight carbon of the National Carbon Com
pany and came nearest to duplicating sunlight but did produce
some radiations in the band from 2300 to 3000 A. units.

The

"K" carbon produced more short wave radiations with a peak
of concentration between 2300 and 2500 A. units and a con
siderable intensity between 2500 and 3CCC A. units.

The "C"

carbon showed a maximum intensity between 2500 and 3000 A.
units, with some radiation in the lower band below 2500 A.
The chlorine solution was of the same concentration in
both the containers.

The reduction in the chlorine was de

termined at specific time intervals.

A considerable reduc

tion in the chlorine concentration of the sample in the con
tainer that was exposed to light was noted immediately.
However, only a negligible reduction was obtained in the
other container.

In Figure 1 the results obtained are re

produced.
The concentration of the chlorine was varied between
0.1 and 25 mg/1, and the experiments were repeated.
mately the same results were obtained.

Approxi

The reduction in the

chlorine content was matched by the increase in the acidity
of the sample.

Further, the authors studied solutions of

chloramine of various concentrations and they reported that
the results obtained with chloramine were very similar to
those noted with chlorine.
Buchanan and Dodge concluded that light rays have a
catalytic effect on chlorine and chloramines which is most
pronounced with wave lengths between 2500 and 3000 A.
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FIGURE 1
EFFECT OF ULTRAVIOLET LIGHT ON CHLORINE
IN WATER TEMPERATURE 70-80°F (10)
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It should be pointed out that according to Gotz (16,
p. 134) the shortest measured ultraviolet radiation of the
solar spectrum at the earth's surface was 2863 A.

In addi

tion, the Council of Physical Therapy of the American Medical
Association (14) accepts an upper limit of 3130 A-

Therefore,

the carbon arcs used by Buchanan and Dodge (10) did not cor
rectly simulate the solar ultraviolet radiation.
It should be also mentioned that A. E. Griffin (17)
discussing the paper by Buchanan et al (10) points out that
in his experience he did not find chlorine and chloramine
equally affected by the light action.

He further stated

that although it was found difficult to retain residual
chlorine for a long time in an open air swimming pool, this
was possible with chloramine.

Another investigator (9) has

also reported that sunlight dissipates hypochlorous acid
more rapidly than chloramines.
It has been reported in the literature (18) that hypochlorous acid is less sensitive to light than the sodium
salt.
B.

ULTRAVIOLET RADIATION AND PHOTOCHEMICAL REACTIONS.
The ultraviolet radiation is a part of the solar radia

tion.

It is usually defined (16, p. 3) as the electro

magnetic radiation of wavelength between 40 and 4C00 A.

It

bridges the gap between the longest wavelength x-rays and
the shortest wavelengths of light visible to the human eyes.
The ultraviolet radiation is loosely divided into the near
and the far ultraviolet regions.

These comprise the regions
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between the wavelengths of 4000 and 3000 A- and 3000 and
20C0 A., respectively.

The former includes the wavelengths

found in solar ultraviolet as observed at the surface of
the earth.

The region between 2000 and 40 A. is known as

the extreme ultraviolet.
It has been reported (19, p. 108) that the region around
2537 A. possesses germicidal properties and lamps emitting
radiation at this range have been used for bactericidal pur
poses (16, p. 206).
1.

Sources of ultraviolet radiation.
The sources of ultraviolet radiation can be divided

into two major groups:

(a)

Solar radiation and (b)

Arti

ficial radiation.
a.

Solar Radiation.
The solar radiation is due to the incandesence of the

sun.

The intensity of solar radiation outside the earth's

atmosphere has an average value of 1.93 calories per sg. cm.
per min. or 0.135 watts per sq. cm., which is equivalent to
1130 watts or 1.5 horsepower on a square yard (16, p. 106).
About two-thirds of this energy actually reaches the surface
of the earth, the remainder being reflected, scattered, or
absorbed in the atmosphere.

Only about 50 per cent of the

total solar radiation lies in the visible spectrum (16, p.
108), and less than 5 per cent is in the ultraviolet region
(19).
The solar radiation can be either direct from the sun
or from the sky.

That from the sky is the result of
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scattering in the atmosphere.

Figure 2 which is reproduced

from "Application of Germicidal Erythemal and Infrared Energy"
by Luckiesh (19) illustrates the intensity of the ultraviolet
radiation on a horizontal surface from the sun and the sky at
various hours throughout the day.

It should be noted that the

unit E-viton is the radiant flux which will produce the same
erythemal effect as 1C jrw of 2967 A. radiation (16) .
The solar ultraviolet intensity at the earth's surface
depends on a number of factors which include the time of
day, the time of the year, the latitude, the elevation above
the sea level, the atmospheric turbidity and the thickness
of the ozone layer (16, p. 103).

The relative amount of the

atmosphere traversed by the radiation to reach the surface
of the earth is known as the "Air Mass" and has a consider
able influence on the first four factors mentioned above.
The air mass is taken as unity when the sun is at the zenith.
For any other position of the sun the air mass is greater
than unity.

Table I indicates the effect of the air mass

on the ultraviolet solar energy at various wavelengths.
b.

Artificial Sources.
The most efficient and useful sources of ultraviolet

radiation are the arcs which occur when a current of elec
tricity is passed between electrodes separated by a gas or
a vapor.

Ultraviolet radiation is emitted when the electric

current passes through the gas or vapor, (16, p. 20).
The arcs can be divided into two major types:

(a)

Open Arc, in which the electrical discharge takes place

The

-vitons por

u

TT
71• xl#

9

10

11

12

1

Time of Day

2

3
P.M,

FIGURE 2
INTENSITY OF ULTRAVIOLET RADIATION ON A HORIZONTAL SURFACE FROM
W .

SUN AND FROM THE SKY AT VARIOUS HOURS THROUGHOUT THE DAY (10)
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TABLE I*

Ultraviolet Solar Energy Distribution
(Midsummer Noonday Sun)
Microwatts per sq. cm. per 10 A Band
Wavelength
A

Outside Earth's Atmosphere
M = 0*
**

Washington, D. C.
M = 1.05

2950

16

0

2975

32

1

3000

33

2

3025

34

3

3050

37

5

3075

39

6

3100

43

8

3125

45

10

3150

46

11

3175

48

13

3200

53

17

3225

63

23

3250

75

29

3275

86

31

3300

93

41

3325

97

43

3350

104

49

3375

106

50

*From "Ultraviolet Radiation" by Koller (16)
**M Symbolizes the Air Mass
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between electrodes exposed to the atmosphere.

The carbon

arc is a typical example of this type, and (b)

The Enclosed

Arc, in which the discharge takes place through a gas or
vapor contained in an envelope, usually of glass or quartz.
A large number of gases and vapors can be used at either a
low or a high pressure. . Hydrogen, helium, argon, krypton,
mercury, cadmium, and zinc are some of the gases and vapors
that have been used.

The mercury vapor sunlamps are con

sidered typical examples of this type of an arc.
The sunlamps are utilized both by the medical profes
sion and the public, as a source of ultraviblet radiation.
The Council of Physical Therapy of the American Medical
Association (14, p. 42) defines a sunlamp as a lamp that,
at a specified distance, emits ultravoilet radiation not
differing essentially from that of the clearest weather,
mid-day, mid-summer, mid-latitude, sea-level, natural sun
light, in total intensity and in spectral range of wave
lengths extending from about 2900 A. to and including 3130
A. and does not emit an appreciable amount of ultraviolet
of wavelengths shorter than 2800 A.

The erythemal reaction

has been adopted as a basis for evaluating the effective
ness of the sunlamps.

The Council of Physical Therapy further

suggests a 24 in. distance from the front edge of the re
flector as the standard operating distance.

This distance

has been determined taking into consideration the con
venience and comfort of the user.
Two of the artificial sources that closely reproduce
the ultraviolet radiation emitted by the sun, are the xenon
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arc and the RS Sunlamp (21).
2.

Transmission of Ultravoilet Padiation.
According to Koller (16, p. 140), the ultravoilet radi

ation decreases as it passes through an absorbing medium
such as a gas or a liquid.

Thus, when a parallel beam of

radiation passes through an absorbing medium a constant
fraction of the radiation is absorbed in each unit distance
of the medium traversed and the intensity of the radiation
in the medium falls off with increasing thickness according
to an exponential relation.

This relation may be expressed

by the following equation which is known as Lambert's law.

where, IQ = the intensity of the radiation entering the
medium•
I

- the intensity of the radiation after travelling
a distance t through the medium.

e

r the natural logarithmic base.

t

= the thickness of the medium traversed.

a

= the absorption coefficient per cm.

The fraction ~ is known as the transmittance factor, while
lo
the absorption coefficient a is the fraction of the radiation
which is absorbed in each unit distance traversed and is a
characteristic of the material only.

The transmission de

pends on the thickness of the medium.
a.

Effect of Minute Impurities on Transmission.
The transmission in clear water decreases due to the
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presence of impurities.

However, in the literature there

is some disagreement concerning the status of these im
purities •
Thus, according to Koller (16, p. 167), the presence
of dissolved salts or organic matter in water effects the
transmission profoundly, and it is not safe to assume a
value for the transmission of any given sample of water.
However, Kodgman (22) observes that the low trans
mission of natural fresh waters cannot be attributed solely
to dissolved substances but may be largely due to the pre
sence of very small particles which stay in suspension in
definitely.

In the case of tap water the particles are

efficiently removed by the process of coagulation and
filtration.
Finally, Luckiesh (19, p. 253), who made an extensive
study of the effect of dissolved salts on the transmission
of the ultraviolet radiation, reported that minute quanti
ties of foreign materials in solution or suspension change
greatly the absorption and transmission coefficients.

He

noted, however, that the use of a fritted-glass filter
showed that some of the material was in suspension even
though it was not visible as such.
In his studies Luckiesh employed a wavelength of 2537 A.
He used a doubled distilled water to which chemical sub
stances usually found in drinking water were added at con
centrations ranging from one to ICO mg/1.

He reported that

he did not obtain a large decrease in the transmission factor
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due to the presence of calcium chloride, calcium carbonate,
calcium sulfate, magnesium sulfate, sodium chloride, sodium
carbonate, sodium sulfate and aluminum oxide.

Further, that

a mixture of 20C mg/1 each of sodium chloride, sodium sulfate
and sodium carbonate in double distilled water decreased
the transmission factor, at a 5 inch depth, only 93 to 88 per
cent.

However, he found that presence of only one mg/1 of

iron oxide caused a reduction from 93 to 35 per cent.

Large

reductions were also obtained with additions of one mg/1 of
ferric chloride and ferric sulfate, indicating that iron was
an outstanding cause of absorption of energy of 2537 A. by
ordinary clear waters.
Additional experiments were made (19, p. 255) with
treated water samples from 19 large cities in the United
States.

Again a wavelength of 2537 A. was employed.

The

depth required to obtain 90 per cent absorption of the germi
cidal flux incident upon the surface of the water was deter
mined.

It was found that between 4.9 and 34.8 in. were

required to obtain this 90 per cent reduction of the energy.
It may be noted that the 4.9 in. depth was determined with
tap water from the cities of Saint Louis and Boston, while
the 34.8 in. was obtained \/ith Atlanta tap water.
It should be mentioned that the U. S. P. H. S. Drinking
Water Standards (23) recommend a maximum turbidity of the
finished water of 10 units (iag/1 ), but permit the presence
of larger concentrations of other substances such as hard
ness, sulfates and chlorides.

It is logical to accept that
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the 19 cities reported by Luckiesh in his study (19) comply
with these standards.

On this basis, the differences ob

served in the ultraviolet light absorption by these waters
may be mostly due to the presence of dissolved substances.
b.

Effect of Irradiation on Transmission.
In the course of his investigation of the effect of

impurities upon the absorption coefficient of water, Luckiesh
(19, p. 240) found that the intense irradiation of the water
at 2537

A. altered the absorption.

as follows:

(a)

He cites two examples

A commercial mineral water sold for drink

ing purposes had ah absorption coefficient a equal to 0.055
per cm. before treatment.

After irradiating for 24 hours it

was reduced to 0.015 per cm., (b)

A sample of Cleveland tap

water had an absorption coefficient of 0.047 per cm. and was
exposed to irradiation for 19 hours.

The coefficient was

decreased to that of double distilled water, or 0.0055 per
cm.
It was concluded by this investigator that the abeerpo
tion coefficient of various municipal waters was reduced to
that of double distilled water upon exposure to irradiation
of 2537 A.
Thus, it may be concluded that impurities in the water
and irradiation are two factors that greatly alter the ab
sorption coefficient of the water and therefore affect the
transmission of the radiation through the water.
3.

Photochemical Action of Ultraviolet Rays
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The laws governing the photochemical action of ultra—
violet radiation are almost similar to those governing ordi
nary light.

In fact it has been reported (24, p. 266) that

there is no fundamental distinction between the action of
ultraviolet light and the ordinary visible light and it is
not feasible to disauss these effects separately.
One of the fundamental laws in this field which is also
known as the first law of photochemistry is the Grotthuss
law (24, p. 205) which states that only the light which is
absorbed can act chemically.
It has been also reported (24) that the loss in radia
tion energy of a beam of light which occurs during its
passage through a cell containing a liquid or a gas is as
cribed to three processes:
(b)

(a)

Reflection at the surfaces,

Scattering by dust particles in the gas or by collidal

particles in the liquid, and (c)
of the gas or liquid.

Absorption by the molecules

Of these, absorption is very important

in photochemical actions, but scattering may be usually neg
lected in case of homogeneous pure liquids.
Beer found that in the case of solutions the coefficient
of absorption a,is proportional to the concentration c of the
absorbing component (24, p. 204).

Therefore, a may be re

placed by cb where b is the absorption coefficient of the
absorbing component of the solution.

This law does not

apply in cases where the solution is modified by, or reacts
with the solvent.

Thus, the Lambert's law for transmission

as modified by Beer is expressed as follows:
I
o

- e
_-cbt
=
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4.

Photochemical Action on Chlorine.
According to Ellis et al (24, p. 346), the decomposi

tion of chlorine water with the formation of oxygen and
chlorides and, under certain circumstances, of chlorites
and chlorates, has been known for a long time.

Active

chlorine was lost from a bleaching solution after a period
of exposure to sunlight.

In an experiment performed by

Bonnet (24, p. 346), three glass bottles were used.

The

first two were white and of these two one was completely
filled up with bleaching solution and the other one was
half filled.

The third one was a brown bottle and it was

half filled.

It was found that after 70 hours of exposure

to sunlight the percentage reduction of chlorine in the
first, second and third bottles was 48 to 61, 63 to 76 and
11 to 29 per cent, respectively.
It should be noted that the considerably smaller reduc
tion of chlorine that was observed by Bonnet in the brown
bottle may be explained by the larger absorption of light
due to the dark color of this bottle.
C.

CHEMISTRY OF CHLORINATION.
Chlorine is a potent oxidizing agent.

It reacts with

water forming hypochlorous acid (H0C1) and hydrochloric acid
(HC1) According to the following chemical equation (1, p. 249):
Cl 2 i- H20

--- * H0C1 + H

Cl

This reaction is one of hydrolysis and it is reversible.

At

pH values of 4 and above and in dilute solutions it is dis
placed greatly to the right and very little chlorine exists

in the free molecular state (Cl9).

In addition, the hypo-

chlorous acid (HGC1) disassociates into hydrogen (H ) and
hypochlorite (0C1") ions in accordance with the equation:
H0C1

-r

0C1“

which also is affected by the pH of the solution.

Thus,

chlorine exists as hypochlorite ions (CC1“) at pH values of
9.5 and above and as hypochlorous acid (H0C1) between pH
values of 4 and 5.

Both hypochlorous acid and hypochlorite

ions are present at pH values of 5 to 9.5.
When chlorine is added to water containing ammonia, it
reacts with the ammonia to form chloramines.

Depending upon

the relative amount of ammonia and chlorine present, and to
some extent on the pH of the water, monochloramines, dichlor
amines or trichloramines may be formed as follows*
NHg -* H0C1 — > NH2CI +

(monochloramine)

NH3 ^ 2H0C1 — NHC12 t 2H20

(dichloramine)

NH3 -t 3H0C1 — NC13

(trichloramine)

3H20

In addition, chlorine reacts with organic compounds con
taining nitrogen to form chlorine derivatives.

Although

chloramines and these chlorine derivatives have a lower
oxidation potential than free chlorine, the chlorine con
tained in these forms is still available to chemical action.
According to the AWWA (6, p. 206), the chlorine that
exists in water as hypochlorous acid and hypochlorite ions
is defined as "Free Available Chlorine".

Further, the chlo

rine that exists in water in chemical combination with
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ammonia or organic nitrogen compounds is known as "Combined
Available Chlorine".
C.

CONCLUSIONS.
From the literature survey the following conclusions

may be drawn:
a)

Only limited investigation has been done in this field

of study and additional work is needed to provide basic in
formation on the effect of sunlight upon chlorine residuals
in water.
b)

Exposure to sunlight results in a reduction in the con

centration of chlorine and its derivatives in water.

The

ultraviolet portion of the sun spectrum is the effective
agent.

Qocaflicting reports were found in the literature

concerning the relative effectiveness of light upon free
and combined chlorine residuals.
c)

Artificial devices are available that closely simulate

the ultraviolet radiation of the sunlight.

The xenon arc

and the RS sunlamp are two such devices.
d)

The transmission of ultraviolet radiation in water is

decreased due to the presence of suspended and dissolved
impurities in the water, and increased upon extended ir
radiation.
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III.
A.

MATERIALS AND EQUIPMENT

MATERIALS.

1 • Chlorine.
A one pound chlorine lecture bottle, obtained from
Matheson Company, Inc., East Rutherford, New Jersey, provided
the chlorine used in these studies.

A stock chlorine solu

tion was prepared by bubblincr chlorine gas through distilled
water.

The stock solution was kept under refrigeration and

was standardized iodometrically before use.
2.

Ammonia free water.
Ammonia free water was prepared by passing distilled

water through a column of Amberlite MB-1 monobed resin which
was supplied by the Rohm and Haas Company, Philadelphia,
Pennsylvania.

In Figure 3 the apparatus used is shown.

Dis

tilled water from a 5 gallon Pyrex bottle (I) was passed
through a glass column 2 in. in diameter and 2 ft. long (II)
which contained the resin and was collected in the ammoniafree water reservoir (III).

To prevent any atmospheric con

tamination, air was admitted to this reservoir through a
drying tube containing Amberlite MB-1 resin.
3.

Ground Water.
The Missouri School of Mines and Metallurgy tap water

was used.

This is a ground water obtained from the Potosi

limestone formation and it is not chlorinated.

Samples used

in this investigation were collected from the laboratory tap.
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FIGURE 3

APPARATUS USED FOR TEE PREPARATION OF AMMONIA-FREE WATI
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To characterize this water, a number of analyses were run
and are presented in the Table II.
Ground Water samples used for studies at high pH values
were treated with a calcium hydroxide slurry and the preci
pitate formed was allowed to settleused-

The supernatant was

Analyses were made on this water also and are pre

sented in Table II.
4.

Surface Water.
Gasconade river water was used-

It was collected at

Jerome, approximately 20 miles from Rolla, Missouri.

This

river receives a small amount of pollution upstream from
the collection point.

Table II lists the result s of the

analysis made on this waterB.

EQUIPMENT

1.

Sunlamp.
The RS sunlamp manufactured by the General Electric

Company was used to provide ultraviolet radiation.

The

characteristics of this lamp, as reported in the literature
(16, p. 53) are given in Table III.
The illumination intensity of the sunlamp, in foot
candles, was determined at different distances from a datum
surface by means of an illumination meter.

The distance was

measured from the edge of the reflector of the lamp.
4 shows the arrangement used.

In Figure 5 the average re

sults obtained from four runs are given2•

Laboratory Units

Figure
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TABLE II
CHEMICAL AND PHYSICAL PROPERTIES
OF THE WATERS USED
Alkalinity
Acidity]
Total Turbi
in mg/1 as Ca,c o 3
due to
Hardness dity
TYPE OF WATER bicar Car
Hydros
mg/1
c o h
bonate bonate xide mg/1
as ! as CaCOg
CaCOg
Units
!
t

Ground Water

255.0

Lime Treated
Ground Water
Gasconade
River Water

10

91.5

137.0

-

25.0

-

30

250.

5

87.25

10.00

8.75

30.00
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TABLE III
CHARACTERISTICS OF THE RS SUNLAMP
Lamp Y/atts
Lamp operating volts
Lamp operating Current
Pressure, atmospheres
Bulb, quarts Capillary in No. 776 glass
Range
Below 2800 A
2800-3200 A
3200-3800 A
Total U. V. below 3800A
Total Visible 3800-7600 A

Watts
Radiated
0.01
1.70
3.40
5.10
7.60

Germicidal effectiveness, equivalent)
Milliwatts at 2600 A
)
Eiythemal flux, E-vitons

275
110-125
2-5
2.00
per cent
of lamp watts
0.003
0.610
1.20
1.20
2.80
60
35,000
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FIGURE 4

ARRANGEMENT USED FOR THE CALIBRATION OF 'THE SUNLAMP

Intensity of illumination, foot candles
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FIGURE 5.

CALIBRATION OF SUNLAMP
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Two aquariums of the same size were used in the studies.
The dimensions of each tank were as follows:
cm., width:

20.50 cm., and depth:

24.5 cm.

length:

34.7

The four sides

of the tanks were of transparent glass while the bottom was
of a thin slate slab.

To prevent any penetration of light

the sides were covered with cardboard and opaque paper.

The

tanks were treated with a concentrated solution of calcium
hypochlorite (HTH) to oxidize any impurities present.
Each unit was provided with a system of three siphons
which permitted the collection of samples at three different
depths.

The inlet of these siphons extended to the center

of the tank, and were set at depths of 7, 14 and 21 cm. from
the water surface.
In Figure 6 the arrangement of the laboratory units used
in the studies is pictured.

The tanks were supported on suit

able wooden platforms to enable safe movements.

Cardboard

partitions were employed to exclude sunlight and prevent ex
posure of tank II, the control tank, to the radiation emitted
by the sunlamp over tank I, the exposed tank.

For the main

part of this investigation the sunlamp was placed at a dis
tance of 24 in. over tank I, as measured from the edge of
the reflector to the water surface.
3.

pH Meter.
A Beckman Zeromatic pH meter was used (Figure 7).

4.

Illumination Meter.
The intensity of illumination was measured with this
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FIGURE 6
ARRANGEMENT OF THE LABORATORY UNITS
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FIGURE 7

THE pH METER M D ACCESSORIES
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instrument.

The unit used was made by Weston Electric In

strument Corporation, Newark, New Jersey. (Figure 4).
was calibrated in foot candles.

It
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IV.
A.

MODE OF STUDY

ANALYTICAL DETERMINATIONS.
In general the procedures outlined in the Standard

Methods for the Examination of Water and Waste Water (25)
were employed.

Sonie modifications of these methods were

found necessary and these are reported in detail.
1.

Chlorine Residuals Determinations
The chlorine residuals in the stock chlorine solutions

were determined iodometricallv using the acid-starch-iodide
method.

Briefly the procedure used was as follows:

A suit

able volume of the stock chlorine solution was added to an
Erlenneyer flask containing distilled water and enough acid
solution to bring the pH of the mixture to the range of 3
to 4.

An appropriate quantity of potassium iodide solution

was added and the liberated iodine was titrated with a
0.01N sodium thiosulfate using starch as an indicator.

The

sodium thiosulfate solution was standardized daily against
0.01N r*>tassium biniodate.
However, in determining the chlorine residuals present
in the samples obtained from the laboratory unit at various
time intervals, a 0.001N sodium thiosulfate solution was
used.

This modification was found necessary because of the

low chlorine concentrations in these samples.

A 0.001N

potassium biniodate solution was employed to determine the
strength of the sodium thiosulfate solution used.
8 the equipment used is pictured.

In Figure
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EQUIPMENT USED FOR THE CHLORINE DETERMINATION
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2.

pH Values Determination.
The pH of the various samples was determined using the

Beckman pH meter.

This instrument was standardized at the

pH value of 7.0 against a standard buffer solution.
3.

Turbidity determination.
The Jackson Candle turbidimeter and the bottle dilu

tion techniques as outlined in Standard Methods (25) were
employed for the determination of the turbidity of the ground
and surface water samples.
4.

Hardness Determination.
The Ethylenediaminetetraacetic acid (EDTA) method (25)

was used to determine total hardness present in the ground
and surface water systems.

The followincr orocedure as out

lined by Hach Chemical Company (26) was employed.

A 50 ml

water sample was measured into a 250 ml Erlenmeyer flask.
One gram of Univer II solid indicator was added.
presence of hardness a wine-red color resulted.

In the
The solu

tion was titrated with standard Titraver solution to a blue
color.

The total hardness, expressed as mg/1 of equivalent

calcium carbonate, was computed by multiplying the milliliters
of the Titraver solution used in the titration by the factor of
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.

B.

WATER SYSTEMS USED.
The following three water systems were investigated:

(a)

The Simplified Water Systems (b)

Systems, and (c)

The Ground Water

The Surface Water System.
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The first two of these systems were studied at the pH
values of 7 and 10 while the surface water system was in
vestigated at the pH value of 7.

The pH values of 7 and 10

were employed because they are illustrative of the low and
high pH values employed in water treatment practices, and
in consideration of the effect of pH upon chlorine residuals
in water.
1.

Simplified Water Systems.
The simplified water systems consisted of ammonia-free

water.

Calcium hydroxide was added to adjust the pH to the

desired value.

Chlorine, in the form of a stock solution,

was also added to a concentration of 10 mg/1.

This system

was employed to study the reactions occurring in the absence
of the dissolved impurities and the turbidity found in natu
ral waters.

In addition, the complete absence of ammonia

and other nitrogenous compounds assured that the chlorine
used was present as free available chlorine residuals.

It

should be pointed out that it has been reported in the
literature (9) (10) that free available chlorine residuals
are affected more by sunlight than combined chlorine resi
duals.
2.

Ground Water Systems.
The Missouri School of Mines and Metallurgy tap water

was chosen to represent Ground Waters.

This water had a

high dissolved solids content in the form of alkalinity and
hardness, but was relatively free of turbidity.
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The pH of the water was adjusted to the appropriate value
with sulfuric acid or calcium hydroxide-

The ground water

system was selected to study the effect of ultraviolet
radiation on chlorine residuals in the presence of dissolved
impuritiesof the water-

It also utilized the natural buffering capacity
It should be noted that conflicting reports

were found in the literature (9) (10) (17) concerning the
effect of dissolved materials on the transmission of ultra
violet light through a body of water.
3.

The Surface Water SystemGasconade River water was used and the pH was adjusted

to 7-0 using sulfuric acid-

The Gasconade River receives a

moderate amount of agricultural and municipal pollutionThe surface water system was selected to simulate actual
plant conditions.

It was used to evaluate the effect of

sunlight upon chlorine residuals in the presence of the dis
solved and suspended matter which is commonly found in sur
face waters.
C.

EXPERIMENTAL PROCEDURE.
The experimental procedure employed in this investiga

tion was as followss
1-

Fifteen liters of the appropriate water system were

added to each of the laboratory units.
2-

The distance between the edge of the lamp reflector and

the water surface in the exposed laboratory unit was adjusted
to 24 or 12 in., as needed.
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3.

The depth of the three siphon inlet tubes in each unit

was checked and readjusted if it was necessary.
4.

The pH value of the water in both tanks was adjusted to

above 7 or 10 depending upon the water system used.

This

was necessary to neutralize the acidity produced by the re
action of chlorine in water, which results in the formation
of hydrochloric acid.
5.

The calculated amount of stock chlorine solution was

added to the water in the exposed laboratory* unit.

The

water was thoroughly mixed to obtain uniform distribution
of the chlorine residuals.
6.

The needed pH value of the water was determined and

readjusted to exactly 7.0 or 10.0.
7.

The chlorine residual was determined iodometrically

using a standard 0.001N sodium thiosulfate solution.
8.

The water surface temperature and the room temperature

were recorded.
9.

The sunlamp was switched on and the time was recorded

as zero time.
10.

Steps 5, 6, 7 and 8 were repeated for the control

laboratory unit.

Zero time was recorded upon addition of

the stock chlorine solution to the water in the unit.
11.

At appropriate time intervals duplicate 50 ml. samples

were taken from each of the three siphons in each unit and the
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chlorine residuals concentration was determined.

Before

collecting the samples, part of the water was wasted to
assure the removal of the water initially present in the
siphon arrangement-

pH values and water surface and room

temperatures were also measured and recorded.
12.

The run was continued for 4 to 6 hours as required to

obtain a chlorine residual in the exposed unit of approxi
mately one mg/1.
13.

It should be noted that because of the large volume

(15 liters) of water initially added to each unit, no appre
ciable change in the depth of the siphon inlet resulted from
the removal of samples for analysis.
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V.
A.

EXPERIMENTAL DATA AND RESULTS

GENERAL.
A chlorine dosage of 10 mg/1 was employed with all water

systems used.

The illumination intensity for the majority

of the experiments was 145 foot candles.

In addition, two

runs were made with the Ground Water System at the pH values
of 7 and 10 using an illumination intensity of 200 foot
candles.

This higher illumination intensity was used to

determine the effect of the variation of the intensity upon
the reactions occurring.
room temperature.

The experiments were conducted at

The room temperature was recorded during

the time that each expen ment was in progress.

The deten

tion time used in this investigation varied between 4 and 6
hours depending upon the water system used.

In general, the

runs were terminated where the chlorine residuals in the
exposed unit fell to about one mg/1.
A control sample was used with all the runs and it was
treated in the same manner as the sample in the exposed unit.
However, it was not subjected to ultraviolet radiation and
care was taken to prevent any radiation from the sunlamp
from reaching this unit.

rPhe control sample was employed

to determine any losses in the chlorine residuals that were
not the result of the exposure to radiation.

Such losses

would include chlorine reacting with the impurities in the
water and losses to the atmosphere.

The reductions in

chlorine residuals obtained in the exposed unit were due to
the combined effect of ultraviolet radiation and the other
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factors previously discussed-

Therefore, in order to deter

mine the effect of radiation alone the reductions in chlorine
residuals measured in the control sample were added to the resi
duals determined in the exposed unit at the same time.
B.

EXPERIMENTAL DATA AND RESULTS.
A series of experiments were made and may be classified

into three groups:
(b)

(a)

Simplified Water System Studies,

Ground Water System Studies, and (c)

Surface Water

System Studies.
The results obtained are presented in the following
pages in tabular and graphical form.
ported.

Average values are re

However, only the reductions in chlorine residuals

due to ultraviolet radiation alone are plotted for the depths
of 7 and
1.

21

cm.

Simplified Water System Studies.
Duplicate runs were made at an illumination intensity

of 145 foot candles and at the pH values of 7 and 10.
The results obtained from the studies at the pH value
of 7 are presented in Table'IV and are plotted in Figure 9.
A 5 hour detention period was provided.
It may be seen from the results obtained that ultra
violet radiation effectively removed the chlorine residuals
from the water.

Thus, within 5 hours of detention approxi

mately one mg/1 of chlorine remained, at all depths studied,
corresponding to a reduction of about 90 per cent.

Thus in

dicates that light was effectively transmitted through the
body of water and may be explained on the basis of the
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TABLE IV
EFFECT OF ULTRAVIOLET RADIATION ON CHLORINE RESIDUALS
IN A SIMPLIFIED WATER SYSTEM AT A pH OF 7

a.
N
|
1Depth ■
i X\cm
l.rv, •
j

Chlorine Residuals Determinations

Chlorine Residuals Remaining, mg/1

\

EXPOSED UNIT
'Time\ r
r—
14
iHours \
21
7
—
i
0
10.00 10.00 10.00
i
7.25
7.10
7.12
2
4.27
4.60
4.82
S
2.90
3.04
3.02
1.67
2.15
2.40
4
0.20
0.95
0.52

L

5

NET EFFECT*
I
21---7
14 ----

CONTROL
l
14
21

i
; 7
j
110.00 10.00 10.00 10.00 10.00 10.00
9.85 9.87 9.80 7.40 7..23 7.32
9.85 9.75 9.72 4.42 4.85 5.10
i 9.75 9.67 9.65 3.15 3.37 3.37
! 9.70 9.65 9.60 1.97 2.50 2.80
i 9.6? 9.67 9.65 0.58 0.85 1.30
—

■

___________________* -

b.
I
—
I
;
[TIME
HOUR
0
1
2
3
4
5

Temperature and pH Value Determinations

EXPOSED UNIT
ROOM
TEMP. °C
23
23
23
23
23
23

TEMP. °C
22
23
24
25
25.5
26

pH
7.00
6.50
5.70
4.00
4.00
3.85

'

CONTROL

' TEMP. °C
I
!
!
j

22
22
22
22
22.5
22.5

♦Determined by adding reductions obtained in the
control system to residuals determined in the
exposed unit.

|
pH
7.00
6.80
6.00'
5.30
4.70
4»70

1-------------1-------------1------------1--------------*------------ r
V

9

Control

8

7

6

5

4

at a 21 cm depth

3

2

at a 7 cm depth

1

_L

3

_L

4

Hours

FIGURE 9
FFECT1 OF THE ULTRAVIOLET RADIATION ON CHLORINE R£>c
fUALS IN A SIMPLIFIED WATER SYSTEM AT A pH OF 7
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absence from the water of dissolved and suspended impuri
ties.
A considerable drop in the pH of the sample was found.
It should be noted that this sample consisted of ammoniafree water and had no buffering capacity.
The results obtained from studies at the higher pH
value of 1C are presented in Table V and Figure 10.
values from duplicate runs are shown.

Average

A 4 hour detention

period was employed.
It may be noted that chlorine was removed at a faster
rate in this system and that the effect of depth was more
pronounced.

Only a small reduction on the pH of the samples

was measured.
It should be pointed out that although free available
chlorine residuals were present in all samples they were
at different forms.

Thus, while hypochlorite ions were only

present in the sample studied at the pH of 10, a combination
of hypochlorous acid, hypochlorite ion and molecular chlorine
existed at the lower pH.
2.

Ground Water System Studies.
Two groups of studies were made at the pH values of 7

and 10 using illumination intensities of 145 and 200 foot
candles, respectively.
a.

Studies at an illumination intensity of 145 Foot Candles.
Average results obtained from two runs at the pH of 7

are shown in Table VI and Figure 11.
period was used.

A 5 hour detention

Contrary to the simplified system, only
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TABLE V
EFFECT OF ULTRAVIOLET RADIATION ON CHLORINE RESIDUALS
IN A SIMPLIFIED WATER SYSTEM AT A pH OF 10

a.
-Depth
cm

\

EXPOSED UNIT

-.i—

c

1
2
3
4

7

j

CONTROL

NET EFFECT

14

7
14
7
21
14
21
1 21
10.00 10.00 10.00 10.00 10. CO 10.00 10.00 10.00 10.00
3.88: 5.63 5.70 9.70 9.67 9.65 4.18 5.96 6.05
1.02| 2.37 2.41 9.57 9.63 9.58 1.45 2.74 2.83
0.28 ■ 0.92 0.92 j 9.57 9.55 9.55 0.71 1.37 1.37
0.00' 0.11 0.24 | 9.50 9.43 9.50 0.50 0.68
- --- L__
J
i
.
°-74i

b.

Temperature and pH Value Determinations

EXPOSED UNIT
TIKE
HOUR

ROOMTEMP. C

TEMP.
!

0
1
2
3
4

26
26
26
26
26

25
25
25.5
23.5
____

”

C

pH
10.00
10.00
9.90
9.50
9.30

|
1

CONTROL
TEMP.
25
25
25
25
25

*

Time'
Hours\
!

Chlorine Residuals Remain! ng, mg/1

0
;o
r~ —

f\

Chlorine Residuals Determinations

10.00
1 10.00
! i o .o o
i 10.00
| 9.90,

lO

Control

9

8

nf

6

5

4
t a 21 cm deoth
3

2-

x
at a 7 era depth

\

1

0
Hour s
FIGURE 10
E 'FECT OF THE ULTRAVIOLET RADIATION ON CHLORINE
k :iSIDUALS IN A SIMPLIFIED WATER SYSTEM AT A pH

OF 10
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TABLE VI
EFFECT OF ULTRAVIOLET RADIATION ON CHLORINE RESIDUALS
IN A GROUND WATER SYSTEM AT A pH OF 7

a\Depth
cm
Timck
Hours\
0

1
2
3
4
5

Chlorine Residuals Determinations

Chlorine Residuals Remaining, mg/1
EXPOSED UNIT
CONTROL
NET EFFECT
!
1
7
7
21
14
21
.. 14 ! 21 __ 7
14 |
10.CO 10. oc 10.00 10.00 10.00 iio.oo 10.00 10.00 10.00
6.70 .7.59 7.75 9.89 9.86 i 9.87 6.81 7.73 7.86
4.31
5.87 5.97 9.77 9.87 | 9.86 4.74 6.00 6.11
4.31 4.03 9.80 9.72 9.77 2.30 4.58 4.26
2.10
1.64 2.78 2.96 9.52 9.72 | 9.74 2.12 3.C8 3.22 i
0.99 1.95 |2.03 9.52 9.67 I 9.67 1.48 2.28 2.30 !

b.

Temperature and pH Value Determinations

•

EXPOSED UNIT
TIME
HOUR
0
1
2
3
4
5

ROOM
TEMP. C

TEMP. °C

29
29
29
29
30
30

23.0
23
24
25
26.5
27

CONTROL
TEMP. °C

pH

23
7.0
23
7.0
7.0
24
j 7.0
24
6.8
25
6.8 1_________
25

7.0
7.0
7.0
7.0
7.0
7.0

pH

Chlorine, mg/1

so

FIGURE 11
EFFECT: OF ULTRAVTOI.ET RADIATION ON CHLORINE RESIDUALS
IN A GROUND WATER SYSTEM AT A pH OF 7
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a negligible drop in the pH of the sample occurred, and this
may be attributed to the buffering capacity of the water
used.

A noticeable difference was found in the chlorine

residuals remaining at different time intervals at various
depths.

Thus, the residuals of 1.5 and 2.4 mg/1 were mea

sured after a 5 hour detention at the depths of 7 and 21 cm,
respectively,

It should be noted that this water system

contained large concentrations of dissolved substances and
that it has been reported in the literature that presence
of dissolved impurities reduces the amount of ultraviolet
radiation transmitted.
Additional studies of the pH of 10 indicated that chlo
rine was removed faster at higher pH values.

Thus, only

about a one mg/1 residual remained at the end of 4 hours
detention.

These results, which are presented in Table VII

and Ficrare 12, further substantiate the findings with the
simplified system.
b.

Studies at an Illumination Intensity of 200 Foot Candles.
These studies were undertaken to determine the effect

of increased intensities of illumination on the rates of the
reactions occurring.

The results obtained at the pH values

of 7 and TO are tabulated in Tables VIII and IX and plotted
in Figures 13 and 14.

Detention periods of 5 and 4 hours

were employed, respectively •
These findings compare closely to those determined at
the lower illumination intensity.

However, slightly higher

rates of chlorine residuals removal were observed.

It
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TABLE VII
EFFECT OF ULTRAVIOLET RADIATION ON CHLORINE RESIDUALS
IN A GROUND WATER SYSTEM AT A pH OF 10

a-

Chlorine Residuals Determinations

—

;\
( Depth
\ cm

Chlorine Residuals Remaining, ukt/1

\

\
Time,
1 Hours\
0
1
2
3
4

EXPOSED UNIT
7

!

10.00
4.23
0.72
0.24
-

b.

14

CONTROL
7

21

j 14

0
l

1

3

2

___ *

7

14

_21

Temper at re and pH Value Determinations

ROOM
TEMP. °C

TEMP. °C

PH

---------- ------

!
j

21

10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00
5.33 5.42 9.43 9.35 9.37 4.60 5.98 6.05
2.57 3.10 9.41 9.30 9.30 1.31 3.2 7 3.80
1.04 1.07 9.32 9.17 9.27 0.92 1.87 1.80
0.28 9.07 9.12 9.17 ■ 0.93 0.88 j 1.11

RXTOSED UNIT
TIME
; HOUR

NET EFFECT

26
26
26
26
26

20
21

23.5
25
25.5

10. oc
10.00
10.00
9.80
9.60

CONTROL
TEMP.°C U pH
20
20
21

21.5

10.00
10.00
10.00
10.00

22

9.9

i

Chlorine, me

S3

FIGURE 12
EFFECT CF ULTRAVIOLET FJUUATION ON CHLORINE RE31DUALS
IN A GROUND WATER SYSTEM AT A pH OF 10
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TABLE VIII
EFFECT OF ULTRAVIOLET RADIATION* ON CHLORINE RESIDUALS
IN A GROUND WATER SYSTEM AT A pH OF 7

a.

Chlorine Residuals Determinations
-----r
i
i
i

N
'Depth
cm

Chlorine Residuals Remaining, mg/1

\
EXPOSED UNIT
CONTROL
NET EFFECT
Tinie
----------Hours
7
7
14
21
14
7
21
14
2!
\
|. ....
0
10.00 r10.00 10.00 10.00 io.oo 10.00 10.00 '10.00 ;io.oo
1
6.00 6,95 6.95 9.65 9.70 9.70 6.35 7.25 7.25
2.28 4.25 4.60 9.55 9.65 9.65 2.73 4.60 4.95
2
3
0.71 2.48 2.84 9.55 9.55 9.65 • 1.16 2.93 3.19
4
0/00 1.42 1.78 9.45 9.50 9.50 0.55 1.92 1 2.^8
5
0.00 ! 0.64 1.50 9.45 9 »50 9.50 0.55 1.14 i.2 .00.

b.

Temperature and pH Value Determinations*

EXPOSED UNIT
TIME
HOUR

TEMP. °C

TEMP. °C

0
1
2
3
4
5

23
23
24
24
26
25

18
26
30
32
34
35

1

pH
7.0
7.0
7.0
7.0
7.0
7.0

CONTROL
TEMP. °C

PH

18
19
19
20
19
19

7.0
7.0
7.0
7.0
7.0
7-0 .

* This study at an intensity of 200 ft. candles
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TABLE IX
EFFECT OF ULTRAVIOLET RADIATION* ON CHLORINE RESIDUALS
IN A GROUND WATER SYSTEM AT A pH OF 10

a-

Chlorine Residuals Determinations
-------------

—
V\)epth
\cm

rH

Chlorine Residuals Remaining. mcr/1
p
EXI*DSED UNIT
CONTROL
NET EFFECT
\
.j
Time\
Hours \
14 j 21
7
7
21
14
21
i
----0
10.00 10.00 jlO.OO '10.00 iio.oo 10.00 10.00 10.00 10.00
1
3.90 4.00 ! 4.20 9.35 1 9.40 9,30 4.55 4.60 4.90
0.55 1.00 i 1.35 ; 9.40 ! 9.30 9.40 1.15 1.70 1.95
2
0.23 0.37 1 0.41 ! 9.35 1 9.35 9.25 0.88 1.02 1.17
3
0.00 0.00 j 0.21 1
i 9.15 [
> 9.25 9.25 0.85 0.75 °-96

b.

Temperature and pH Value Determinations
\

EXPOSED UNIT j
TIME
HOUR
0
1
2
3
4

ROOM
TEMP. °C
21
21
21.5
22
23

TEMP. °C
19
26
27
27
27.5

pH
10.0 j
!10.0!
9.6 f
9.6!
9.4 |
j

CONTROL
TEMP. °C
19

19
19
19.5
20.0

1
j

PH __

10.00
! 10.00
I 10.00
i
10.00
i 10.00
!

* This study at an intensity of 200 ft- candles

Chlorine, mg/1
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FIGURE IS
EFFECT OF ULTRAVIOLET RADIATION ON CHLORINE RESIDUALS
IN A GROUND WATER SYSTEM AT A pH OF 7 AND AT 200 FOOT
CANDLES
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Hours
FIGURE 14
EFFECT OF ULTRAVIOLET RADIATION ON CHLORINE RESIDUALSIN A GROUND WATER SYSTEM AT A pH OF 10 AND AT SCO FOOT CANDLES
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should be noted that a considerable increase in the tempera
ture was measured at the water surface of the exposed labo
ratory unit.

This may be seen from the results given in

Tables VIII and IX and was due to the higher energy reaching
the water surface when the sunlamp was placed at a lesser
distance.
3.

Surface Water System Studies.
This system was employed to evaluate the findings in

the presence of the dissolved and suspended matter found
in natural waters.

An illumination intensity of 145 foot

candles was used, and the studies were made at the pH value
of 7 which was closer to the pH of the river water.

Average

results obtained from the two runs are given in Table X and
Figure 15.
Higher chlorine residuals concentrations were measured
even after an extended detention of 6 hours.

Thus, at the

end of this period the residuals remaining at the 7 and 21
cm. depths were 2.2 and 2.6 mg/1 respectively.

It should be

also noted that although approximately the same removals
were measured at all depths at the end of the 6 hours, the
rate observed at the 7 cm. depth was considerably higher
during the earlier portion of the detention.

This further

substantiates the reports in the liberature on the effect
of dissolved substances and turbidity on the ability of the
light rays to penetrate.
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TABLE X
EFFECT OF ULTRAVIOLET RADIATION OF CHLORINE RESIDUALS
IN A SURFACE WATER SYSTEM AT A pH OF 7

a.

Chlorine Residuals Determinations

K sDepth
'

cm

Chlorine Residuals Remaining, mcr/1

\
Tim^\

t

EXPOSED UNIT

Hours\ 7
0
1
2
3
4
5
6

CONTROL

NET EFFECT

--------- ri

L 14

10.00
6.17
3.6
i2.14
*1.49
1.33
0.88

b.

21

7

14

21

i

14

21

iio.oo 10.00 10.00 10.00 10.00 10.00 10.00 iio.oo

1 7.50 7.12
, 4.97
5.00
1 2.87
2.83
i 2.67 2.78
! 2.11
2.20
j 1.26 |1.58

9.22
9.04
8.82
8.82
8.75
8.72

t
1

9.27
9.00
8.85
8.82
8.82
8.80

9.22
9.03
8.75
8.80
8.80
8.80

6.95
1 4.62
i 3.32
i 2.67
! 2.58
|2.16

8.23 | 7.90
5.97 ! 5.97
4.02 : 4.08
3.85 i 3.98
3.29 | 3.40
2.46 1 2.78,

Temperature and pH Value Determinations

EXPOSED UNIT
1 TIME
[t HOUR
i
0
1
2
3
4
5
6

7

ROOM
TEMP. °C
25
25
25
25
25
25

TEMP. °C

PH

24
7.0
24
7.0
24^5
7.0
24,5
6.90
25
6.90
26
6.85
6.85
_____ 7 ? ___ i

CONTROL
TEMP. °C
24
24
24
24
24
24
24

PH
7.0
7.0
7.0
7.0
7.0
7.0
7.0
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EFFECT OF ULTRAVIOLET RADIATION ON CHLORINE RESIDUAL
IN A SURFACE WATER SYSTEM AT A pH OF 7

61

VI.

DISCUSSION OF RESULTS
«

It may be seen from results obtained that the ultraviolet
radiation of the sun spectrum, as simulated by the RS Sunlamp,
effectively reduced the chlorine residuals in the water systems
studied within a shoit period of time.
The following three water systems were used:
water, Ground water and Surface water system.

Simplified

Significant

reductions in the chlorine concentration were determined in
all these waters.

Thus, at a 4 to 6 hour detention period,

removals of 72 to 95 per cent and 60 to 92.5 per cent were
obtained at depths of 7 and 21 cm, respectively.

The extent

of the chlorine residual reduction depended upon five main
factors:

pH, depth, type of water, time and illumin ation

intensity.
It should be noted that the control systems were employed
to determine any additional chlorine removals, not due to the
ultraviolet radiation, such as losses to the atmosphere and
chlorine that reacted with substances in the water.
tions measured in the control systems were small.

The reduc
Thus, with

all water systems studied and at both pH values investigated,
reductions of 5 to 13 per cent and 3 to 12 per cent were
obtained at depths of 7 and 21 cm, respectively for a deten
tion period of 4 to 6 hours.

The control systems enabled the

evaluation of the effect of the radiation alone, in the
absence of other interfering factors.
It has been reported in the literature (21) that the
RS Sunlamp and the Xenon Arc the two apparatus that most
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correctly simulate the ultraviolet soectrun of the sun.

The

RS Sunlamp was selected for this investigation on the basis
of its availability and simplicity of operation.

It should

be mentioned that, as specified by the Council of Physical
Therapy of the American Medical Association (14), the sunlamp
at a distance of 24 in. emits ultraviolet radiation that does
not differ essentially from that of the clearest weather,
midday, midsummer, mid-latitude, sea level, natural sunlight.
The same distance of 24 in. was employed for the majority of
the studies, but a smaller distance of 12 in. was also used
to study the effect of increased intensities of illumination.
Two pH values were used in the investigation.

It was

clearly indicated that better removals were obtained at the
higher pH value.

This is well illustrated in the case of the

simplified water systems.

Thus, at the end of 4 hours, only

5 per cent of the chlorine initially present remained at the
depth of 7 cm. in the sample treated at the pH of 10.

However,

at the lower pH value of 7 approximately 20 per cent of the
chlorine added remained.

In the absence of ammonia or nitrogen

containing organic compounds, the chlorine in the simplified
system was present as free chlorine.

Free available chlorine

residuals exist in three forms depending on the r>K of the
water (1).

At the pH of 10 the hvnoch?orous acid is totally

ionized to hypochlorite ions, while at the pH of 7 both
hypochlorous acid and hypochlorite ions are present.

There

fore, it was indicated by the results obtained that sunlight
has a more pronounced effect upon hypochlorite ions than it
has on hypochlorous acid.

The studies on the ground water
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systems further substantiated this finding.

In addition^ it

has been reported in the literature (18) that hypochlorous
acid is less sensitive to sunlight than sodium hypochlorite.
A considerable drop in the pH of the Simplified Water
System was noted.
was measured.

Thus, at the end of 5 hours a pH of 3.85

It was originally 7.

A similar observation

has been reported by Buchanan and Dodge (10) who found that
the reduction in the chlorine content was matched by an
increase in the acidity of the sample.

It should be noted

that this pH reduction did not take place in the other systems
studied.

It is believed that the natural buffering capacity

of these systems neutralized the acidity produced and pre
vented any substantial drop in the pH of the samples.
Of the three water systems investigated, the Simplified
Water System had the maximum reduction in the chlorine content
and the Surface Water System the minimum.

Thus, the following

significant differences were found in the chlorine residuals
remaining in the samples at the end of 5 hours, when they were
studied at the pH of 7 and the illumination intensity of 145
foot candles:

Simplified Water System 5.8 and 13 per cent.

Ground Water System 14.8 and 23.6 per cent, and Surface Water
System 25.8 and 34.0 per cent, respectively, at the depths
of 7 and 21 cm.

It should be mentioned that the Simplified

Water System was free of dissolved and suspended impurities.
Further, that the Ground Water System contained dissolved
substances and negligible turbidity and the Surface Water
System had both dissolved matter and turbidity.

It was,

therefore, indicated that depth and dissolved substances and
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turbidity in the water samples had a considerable effect on
the chlorine removals obtained when the samples were exposed
to ultraviolet radiation.

This may be explained on the basis

of the absorption of the radiant energy.

As previously

reported (this thesis p. 16), the transmission of the ultra
violet light, which takes place according to Lambert's law,
is dependent on the thickness of the medium traversed and
the presence of dissolved and suspended impurities.
It may be seen from the results previously discussed
that the chlorine removals obtained in the Surface Water
System were considerably less than those determined in the
Simplified Water System.

The Surface Water System was

selected because it simulated conditions found in natural
waters.

Therefore, the results obtained with this system

are most significant.

Natural waters are also found in the

form of underground or well waters.

Well waters usually con

tain considerable amounts of hardness but have negligible
turbidities because the water has been filtered through the
underground formations.

This type of water was simulated

with the Ground Water Systems.

Finally, the Simplified

Water System, which contained neither turbidity nor dissolved
matter, was employed to determine the maximum effect of
sunlight upon chlorine residuals.
When a higher illumination intensity was applied, larger
reductions in the chlorine content resulted.

Thus, at the

pH value of 7 reductions of 77 to 94.5 and 88 to 80 per cent,
respectively, were obtained with the illumination intensities

6 KJr

of 200 and 145 foot candles within 4 hours.

Similarly at

the pH of 10 removals of 90.5 to 91.5 and 89 to 90.5 were
measured.

The effect of increased illumination was more

pronounced on the sample treated at a d H of 7.

On the basis

of the above findings, higher losses of chlorine residuals
should be expected to occur on bright sunny days.

This has

also been observed by Rossum (15) who reported that the drop
in chlorine residual was much less in winter than in summer.
In Figures 16 and 17 the results observed at a 4 hour
detention period and depths of 7 and 21 cm. with the various
water systems used are summarized in a bar-graph form to
facilitate the comparison of the findings.

Chlorine Remaining

Chlorine Remaining
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Control Ground oimplif. Surface
Water System
pH*?, Intensity-145 ft. Candles

Control Ground Simplif.
Water System

Control Ground Water System
(pH-7) (pKs10;

pH210, Intensity*145 ft. Intensitys2G0 ft. Candles
Candles

Chlorine Dosage 10 mg/1 - Detention Time 4 Hours - Depth 7 am.
FIGURE 16
EFFECT OF ULTRAVIOLET RADIATION ON CHLORINE RESIDUALS IN WATER AT 7 CM,

Chlorine Remaining,

/
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Control Ground Simplif. Surface
*
water System
pH-7, Intensity-145 ft. Candles

Control Ground Simplif.
Water System

Control Ground Water System
(pH-7) (jpEFlO)

pH*10, Intensity*145 ft.
Candles

Intensityl200 ft. Candles

Chlorine Dosage 10 mg/1 - Detention Time 4 Hours - Depth 21 cm.
FIGURE 17
EFFECT OF ULTRAVIOLET RADIATION OH CHLORINE RESIDUALS IN WATER AT 21 CM.
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VII.

CONCLUSIONS

On the basis of the findings of this investigation the
following conclusions may be drawn:
1.

The ultraviolet portion of the sun spectrum effectively

destroyed chlorine residuals in various water systems at the
pH values of 7 and 10 that were investigated.
2

The RS Sunlamp provided a means to correctly simulate

the ultraviolet radiation that is emitted by the sun and
reaches the surface of the earth.
3.

Chlorine was destroyed, for the most part, within 4 to

6 hours depending on the water system used, the pH of the
water, the depth and the illumination intensity.*
4.

The chlorine residuals were dissipated earlier at the

higher pH value of 10 when the free chlorine residuals existed
as hypochlorite ions.
5.

The presence of dissolved impurities and turbidity in the

water decreased considerably the removal of the chlorine
residuals.
6.

In all water systems studied the reduction in the chlorine

residuals decreased with increased depths.
7.

Application of higher illumination intensities resulted

in higher chlorine removals.
8.

A loss of chlorine will occur when it is applied to open

basins and is, therefore, exposed to sunlight.

This loss,

which will be higher near the water surface, will depend on
the nature of the water, the point of chlorine application
and the extent of treatment already received by the water,
the pH of the water and the time of exposure to sunlight.
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This chlorine reduction will be greater during sunny days and,
therefore, it will be more pronounced during the summer than
during the winter months-
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